Abstract: Ptychography is a coherent diffraction imaging (CDI) method for extended objects in which diffraction patterns are acquired sequentially from overlapping coherent illumination spots. The object's complex transmission function can be reconstructed from those diffraction patterns at a spatial resolution limited only by the scattering strength of the object and the detector geometry. Most experiments to date have positioned the illumination spots on the sample using a move-settle-measure sequence in which the move and settle steps can take longer to complete than the measure step. We describe here the use of a continuous "fly-scan" mode for ptychographic data collection in which the sample is moved continuously, so that the experiment resembles one of integrating the diffraction patterns from multiple probe positions. This allows one to use multiple probe mode reconstruction methods to obtain an image of the object and also of the illumination function. We show in simulations, and in x-ray imaging experiments, some of the characteristics of fly-scan ptychography, including a factor of 25 reduction in the data acquisition time. This approach will become increasingly important as brighter x-ray sources are developed, such as diffraction limited storage rings.
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Introduction
Ptychography is an imaging method in which a limited-size coherent illumination probe is moved sequentially across an extended object, while the resulting diffraction patterns are collected [1] . With sufficient overlap between these illumination spots [2] , one can use an iterative algorithm to reconstruct the object's complex transmission function [3] [4] [5] , and thus obtain images with a spatial resolution not limited by optics but rather by the object's scattering strength [6] and the geometry of the pixelated detector. The probe function is reconstructed along with the object [3, 5, 7] , with the consequence that ptychography can be used for characterizing nanofocused beams [8, 9] .
While ptychography can be used over a broad spectrum of wavelengths including visible light [2, 10] , it has proven to be especially popular in x-ray microscopy. X-ray ptychography has been used to image radiation-hard materials at sub-10 nm resolution [11] [12] [13] , and biological specimens at sub-30 nm resolution [14, 15] . The object's complex transmission function delivers quantitative phase contrast images [16] which, if combined with angular projections, can be used to generate tomographic reconstructions with 3D quantitative measurements of electron density [17] . For example, ptychography has been used for 3D imaging of a mouse femur at 100 nm resolution [18] , and nanoporous glass at 16 nm resolution [19] .
Most ptychography experiments employ a move-settle-measure mode for data acquisition, which is often referred to as a step-scan mode. In this mode the sample is moved to place the illumination probe on a specified position and the position is allowed to stabilize (with a total move-settle overhead time t o ), after which a measurement is made over an exposure time t e followed by a detector dead time t d for data transfer (see Fig. 1(a) ). The fraction of "wasted" time when signal is not being acquired in step scans is
While some ptychography experiments have used exposure times as long as t e = 30 seconds [8] which dwarf any overhead time t o and also the readout time of detectors such as the Pilatus with t d = 2.3 msec [20] , more recent experiments with high brightness sources and fastreadout detectors (such as the Eiger with t d = 3 µsec [21] ) have used exposure times t e = 200 msec and move-settle overhead times of t o =150 msec [22] , so that the wasted time fraction is w step = 43%. With diffraction limited storage rings on the horizon with hundredfold gains in coherent flux [23] , exposure times t e will decrease accordingly so the wasted time fraction could approach w step = 99%, which is grossly inefficient. An alternative approach of "fly-scan" ptychography was recently proposed [24] and then demonstrated [25] independently by several teams, including ours (as discussed in this paper).
In scanning optical [26] and probe microscopes, it is common to perform scans where the probe moves relative to the object at constant velocity within a scan line, rather than in a move-settlemeasure fashion (Fig. 1) . One can then mark the increment from one pixel to the next by using a timing signal, or use the output of a position feedback system such as a laser interferometer to do position-based scan clocking. This approach has long been used in soft x-ray scanning microscopes, and has recently been implemented for hard x-ray scanning fluorescence microscopes as well [27] . Fly scans can have very low wasted time fraction
especially when considering detectors such as the Eiger with dead time as small as t d = 3 µs.
With incoherent imaging modalities, such as fluorescence imaging, the effect of a fly scan is to convolve the probe with a line with the width of a pixel, so that there is little effect on the recorded data even if the pixel size approaches the resolution of the probe. However, ptychography is a coherence-based imaging process, and the coherent diffraction intensity distribution produced by one illumination region is different to that produced by a slightly different region.
One must therefore think of the effects of combining diffraction intensities from these different regions in ptychography.
(a)
Step Fig. 1 . Comparison of step-scan and fly-scan ptychography. In step-scan mode (a), the probe moves relative to the sample in a move-settle-acquire sequence, where no signal is collected during the move-settle overhead time t o ; the diffraction pattern is then collected over an exposure time of t e , after which the detector becomes inactive for a dead time t d for data transfer. In fly-scan mode (b), the probe moves at a constant velocity to the sample while data is acquired over exposure times t e followed by brief detector dead times t d . Outlines of both step-scan and fly-scan total beam footprints (assuming a round coherent probe with a diameter d) are shown as insets, with s representing the probe motion distance corresponding to the per-flyscan-point acquisition time t e . (c) The diffraction intensities measured for scanning the same region in the two scan modes. Speckle visibility is reduced in fly-scan mode.
modes of the object and/or probe [28] . This allows one to use partially coherent illumination, since it can be represented by a small number of self-coherent, but mutually incoherent, optical modes [29, 30] ; it also allows one to deal with some degree of sample vibration in step-scan ptychography [31] . Since fly-scan ptychography involves the integration of diffraction patterns over the illumination area, it is natural to consider that fly scans can be thought of as representing the combination of the object with a set of probe modes [24, 25] . We show here that this is indeed the case, so that ptychography can be implemented in fly-scan mode to dramatically speed up data acquisition while high quality images are obtained by using multiple probe modes in the reconstruction.
Theory of fly-scan ptychography
In ptychography, the far-field propagated wave can be described as the Fourier transform of the exit surface wave. For step-scan ptychography, the diffraction intensity I j (k) collected from a static sample at a position r j is given by
where F represents a Fourier transform, r is the real space coordinate, ψ j is the exit surface wave when sample is moved to position r j , P(r) is the probe function, and O(r) is the object transmission function. In fly-scan ptychography, each diffraction pattern is collected while the probe is moving relative to the object at a velocity v during an exposure time of t e , so that the total diffraction intensity for one measurement interval t e becomes
The total beam footprint on the sample is extended along the scan line by a distance s = vt e (named fly-scan pixel size), so one diffraction recording involves an integrated probe coverage of
which has a length in the moving direction of l = s + d, where d is the beam diameter (see the inset of Fig. 1(b) ).
Provided that the observation time is much longer than the coherence time of the incident beam, the diffraction pattern can be approximated by an incoherent sum of intensities produced from N discrete positions with measurement times separated by a sufficiently small time interval ∆t [24] . In this case, Eq. (4) becomes
To test the equivalence of Eqs. (4) and (6), we show in Fig. 2 the diffraction patterns obtained from step and fly scans acquired from the same region of a test pattern (experimental details are in Sec. 4). The fly-scan data described by Eq. (4) are seen to be quite similar to the sum of fine-increment step scans as described by Eq. (6). This implies that fly-scan data can be treated as mixture states of the object interacting with a number of probe modes [24] . To quantify any differences, the speckle visibility V [32] is calculated within the indicated regions as
where the analyzed region is an M×N matrix, and I mn is the value of intensity at each pixel. The deterioration of speckle visibility in fly-scan diffraction pattern is similar to a degradation of spatial coherence [28] . Therefore, fly-scan ptychography reconstructions can be performed by a modified algorithm using multiple probe modes. (4); left) with the summed intensity of discrete step-scan diffraction patterns (Eq. (6); right). Data from the same region of an Au test pattern were acquired using 5.2 keV x-rays (Sec. 4). The illumination probe (produced by the focus of a Fresnel zone plate) was measured to have a full-width at half-maximum (FWHM) size of 103 nm. In (a), a fly-scan diffraction (left) was acquired while the sample was continuously moving over a distance of s = 100 nm during a time of t e = 400 ms; step-scan diffraction patterns were recorded at 10 discrete positions each with 10 nm step size and t e = 40 ms exposure time within the same scan region as the fly scan, so that their sum as shown at right contains the same number of photons. In (b), a similar procedure was followed using s = 200 nm with t e =800 sec for the fly scan, and 20 discrete positions each with 10 nm step size and t e = 40 sec. The speckle visibility V (Eq. (7)) was analyzed on the regions bounded by white dash-line boxes.
Simulating fly scans
To numerically evaluate fly-scan ptychography reconstructions and determine the largest tolerable fly-scan pixel size (s), we simulated a series of fly scans for a range of values of s. In the simulations, an Airy disk pattern with a FWHM of d = 100 nm was chosen to be the probe. An image of a mandrill was used as the sample, with real space pixel size of 10 nm. With a vertical step size of 50 nm, fly-scan diffraction patterns of scans with different s were simulated using Eq. (6).
With simulated data in hand, we used a modified version of the ePIE algorithm [33] incorporating multiple-probe-mode recovery [28] for image reconstruction. (We note that there are analytical approaches for non-iterative reconstruction from coherent x-ray diffraction patterns [34] , but we are not aware of their adaptation to multiple probe mode ptychography as of yet). The code was implemented in a way that it can use graphical processing units (GPU) for speedup on individual nodes, and parallelized so that separate regions of the overall scan could be reconstructed on separate nodes and then recombined [35] . Reconstruction results for different s are shown in Fig. 3 . As expected, with the increase in s, more probe modes are needed in reconstructions. When the sample moves less than 200 nm (twice the beam diameter of d = 100 nm, giving s/d = 2.00) in one fly-scan interval, the sample images are successfully retrieved; the summed intensity of reconstructed probes is also consistent with the expected beam footprint. However, the reconstructions fail to produce faithful images when s/d >2.00, and the recovered footprints are no longer consistent with the expected footprint. The vertical stripe artifacts seen to appear on the failure images are attributed to the weak overlap in the horizontal direction, even though there is sufficient vertical overlap. For s/d = 2.00, the relative linear overlap percentage between neighboring footprints in horizontal direction is about 33% which is close to the overlap percentage of 29% that has been suggested to be a minimum for for step-scan ptychography using a circular beam [2] . To overcome the limitation of fly-scan pytchography with fly-scan pixel size s larger than twice the beam diameter d, we have tested two scan geometries to increase the overlap in the horizontal direction. Figure 4 (a) shows a scan geometry of two scans with a displacement of s/2 in the vertical direction. The diffraction patterns from the two scans are then combined together for one reconstruction. The reconstruction results show that the vertical stripes are removed, which is attributed to the increase of the horizontal overlap. Even though this method can provide sufficient horizontal overlap with (s/2 + d)/(s + d) > 50%, it starts to break down with obvious artifacts when s/d is about 5.00. This is probably due to the greatly deteriorated diffraction patterns associated with too many coherent modes for the algorithm to disentangle. The second scan geometry is a single scan but with a displacement between odd and even scan lines (Fig. 4(b) ). The horizontal overlap of neighboring footprints in adjacent scan lines is improved. However, the increasing overlap percentage of this second scan geometry is smaller than that of the two-scan approach. Even so, in this approach one can even use s/d = 3.00 ( Fig. 4(b) ), and obtain an image which is recognizable even though it contains some artifacts. One can presumably obtain improved results by reducing the scan step size in the vertical direction.
Since the true object O(r) is known in simulations, the quality of above fly-scan reconstructions O f (r) can be evaluated directly using a normalized error metric [33] of
(9) Figure 5 shows that the error of reconstructions is fairly small when s/d is less than 2.00, but that it quickly increases when s/d > 2.00 (vertical stripe artifacts appear on the images). The alternative scan geometries suggested in Fig. 4 are helpful to reduce the reconstruction error for 
Experimental data and image reconstruction
In order to test these ideas experimentally, we used the Bionanoprobe [36] at the Advanced Photon Source (APS) at Argonne National Laboratory. A 5.2 keV x-ray beam was focused by a Fresnel zone plate with 85 nm theoretical Rayleigh resolution onto a gold test pattern with 30 nm finest feature. A Delta Tau Turbo PMAC2 Ultralite VME system was used for motion control. The far-field diffraction patterns were recorded using a PILATUS 100K photoncounting pixel array detector placed 2.2 m downstream of the sample; while this detector has 195×487 square pixels 172 µm across, only 195×256 pixels were used-with zero-padding to 256×256 array size-for our reconstructions. We began by carrying out step-scan ptychography with a scan grid of 81×61 positions with 50 nm step size and an exposure time of t e = 100 msec (the move-settle overhead time was t o = 400 msec, yielding w step = 80% ). Figure 6 shows the reconstructed phase image of the test pattern as well as the single-mode probe. The retrieved probe (Fig. 6(b) ) has a FWHM of about 103 nm with a profile near the center similar to that of the Airy function used in simulations (see Fig. 6(c) ).
For fly-scan ptychography, the scan region and vertical step size were kept the same as in the step scan. The scan speed in the horizontal direction was changed, generating a series of fly-scans with different s; the same exposure time t e = 100 ms was used in each case, so that the fluence was reduced as s −1 (see Table 4 ). In fly-scan mode, the Delta Tau controller generated a constant velocity motion profile based on selected scan parameters, and the sample stage was moved according to this profile. During a continuous scan line, hardware triggers were generated at constant spatial intervals using a nanometer-resolution laser interferometer system, and these position triggers were used to trigger detector readout. Table 1 . Parameters for fly-scan ptychography data recording. The field of view was the same (4 µm×3 µm) as in the step scan. The exposure time per frame was 100 ms, and the focused flux was of the order of 3 × 10 8 photons/s. Figure 7 shows the image reconstructed from a fly-scan ptychography dataset with s =250 nm and d 100 nm. The single-probe-mode reconstruction (Fig. 7(a) ) shows considerable artifacts, as expected. As the number of probe modes are increased (Fig. 7(b)-(d) ), the reconstruction quality is improved. The finest structures of 30 nm on the gold test pattern are well resolved by using 15 probe modes in the reconstruction (Fig. 7(d)) , with an appearance similar to the step-scan ptychographic image of Fig. 7(e) . The summed intensity of those 15 probe modes (Fig. 7(f) ) yields a beam footprint on the sample with a horizontal size of l 350 nm, consistent with the expected value of l = s + d = 250 + 100 nm. While s/d ≤ 2.00 was required for best results in the simulations, the fact that s/d = 2.50 works well in experiment is probably due to the increased signal outside the central Airy disk in the experimental probe compared to the simulated one. To assess the quality and the spatial resolution of fly-scan ptychography reconstruction, we calculated the power spectral density (PSD) of the reconstructed images shown in Fig. 8 . Figure 9(a) shows the 2D PSD of the reconstruction results for these scans with d 100 nm. The power density is distributed around 45 • due to the orientation of the spokes on the reconstructed images (see Fig. 6 ). As s increases, the power density behaves differently in the vertical and horizontal directions. Instead of a conventional method of azimuthally averaging the power density over all angles, we calculated the vertical and horizontal PSD by azimuthally averaging the power density over two angular regions (labeled as 'V' and 'H' in Fig. 9(a) ) respectively. Due to the sufficient vertical overlap, the vertical features in the image can be recovered even for large s, so the vertical PSD (Fig. 9(b) ) doesn't degrade significantly as s increases. The degradation in high spatial frequency information is mainly attributed to the reduced fluence on the sample as shown in Table 4 . Fig. 9(c) shows the horizontal PSD which is affected by both fluence and horizontal overlap. For s/d > 1.00, the horizontal overlap starts to be less than 50% (used in step scan), so that the horizontal PSD shows larger degradation compared to the vertical PSD; it deteriorates significantly at s/d = 3.00 due to insufficient horizontal overlap. For large s, methods of increasing the horizontal overlap as proposed in Fig. 4 can be used to improve the reconstructions.
A proper fly-scan pixel size s is one that provides sufficient overlap between adjacent footprints; that is, when s/d ≤ 2.00. This limit plays an important role in the success of fly-scan pty- chography, while the scan speed determines the fluence on the sample that affects the achieved resolution. Figure 10 shows a series of fly-scan ptychography reconstructions with s/d = 1.00 but with different scan speeds quantified by the exposure time. The sample was well recovered from these scans at different scan speeds. The slight degradation of image quality as exposure time decreases is due to the reduced fluence on the sample. 
Conclusion
The ability to extend ptychography to work in fly-scan mode allows for faster data acquisition, which will become increasingly important as brighter x-ray sources are developed; this is because with modern, low-dead-time detectors, there is almost no wasted time over a continuous scan line. In addition, while in step-scan ptychography the separation between illumination points should be no more than 70% of the beam diameter [2] , fly-scan ptychography is successful even with s/d = 2.00. This means that a fly-scan can have fewer scan points for the same scan region, bringing some advantages in computational requirement since it involves smaller array sizes and less computational steps than are involved with a larger number of diffraction pattern recordings. In our experiments, fly scans with s/d = 2.50 are about 25 times faster to acquire than the step scan equivalents. This factor can become even larger using smaller exposure time with lower emittance, higher brightness sources, such as are anticipated with multibend achromat storage rings [23] . (As a counter-example, full-field imaging systems need to fill as many spatially coherent modes as there are pixels in the detector, so to first approximation they suffer rather than benefit from the development of intrinsically coherent sources). The speedup in coherent imaging that fly-scan ptychography can provide will become especially important when ptychography is used to obtain 2D projections which are then combined over many angles to yield a tomographic three-dimensional view of the sample [18, 19] , as well as fly scan modes in x-ray fluorescence imaging which can be combined with ptychography [14] . We expect that fly-scan ptychography will find widespread adoption across different imaging domains using x-rays, electrons and visible light.
